We investigated the composition and distribution of diazotrophs in waters of the Kuroshio, the "hot spot" of nitrogen fixation in the Pacific Ocean, as well as in adjacent waters and the North Pacific tropical gyre (NPTG). Specifically, we explored the abundance of nifH in seven commonly observed diazotrophs: Trichodesmium, Crocosphaera, UCYN-A, UCYN-C, Richelia associated with Rhizosolenia (RR) or Hemiaulus (HR) and a gammaproteobacterium (γ-24774A11). The surface diazotroph community in the Kuroshio was distinguished from those in other waters by its higher abundances of Trichodesmium, RR, HR and UCYN-C. The distributions of these diazotrophs were not well explained by temperature and macronutrient concentrations, although they may be influenced by the current flow and micronutrient content. γ-24774A11 occurred extensively in the oligotrophic waters, and its abundance was significantly correlated with water temperature. The surface abundances of Crocosphaera and UCYN-A1 decreased from upstream to downstream in the Kuroshio, and their abundances were lower in the Kuroshio than in the NPTG. Temperature and nitrate + nitrite levels were comparable between the Kuroshio and NPTG, but phosphate and chlorophyll a level were lower and higher, respectively, in the Kuroshio. These results suggest that the growth of Crocosphaera and UCYN-A1 in the Kuroshio may be regulated by phosphorus availability, which would be severely limited due to intense competition with non-diazotrophs and other diazotrophs.
I N T R O D U C T I O N
Nitrogen fixation is the process by which dinitrogen gas is converted to ammonia, the major source of reactive nitrogen in the ocean, thereby maintaining the nitrogen inventory (Gruber and Galloway, 2008) . In oligotrophic tropical and subtropical oceans, nitrogen fixation is a significant source of new production, and the process influences primary and export production in these ecosystems (Karl et al., 1997; Subramaniam et al., 2008; Shiozaki et al., 2013; Bonnet et al., 2016) . Nitrogen fixation is mediated by specialized prokaryotes termed "diazotrophs". The filamentous cyanobacterium genus Trichodesmium and diatom-diazotroph associations (DDAs) have long been studied in the evaluation of oceanic nitrogen fixation. However, nano-and picoplanktonic diazotrophs, including unicellular cyanobacteria and heterotrophic bacteria, were recently discovered via molecular approaches (Zehr et al., 2001 (Zehr et al., , 2003 Riemann et al., 2010; Bombar et al., 2016) . These organisms are currently recognized to significantly contribute to oceanic nitrogen fixation (Montoya et al., 2004; Halm et al., 2012; Shiozaki et al., 2014a; Martínez-Pérez et al., 2016) . Diazotrophs differ physiologically, and thus, they are expected to exhibit different distributions (Dyhrman et al., 2006; Moisander et al., 2010; Saito et al., 2011) . Accumulating evidence suggests that the fates of fixed nitrogen depend on the type of diazotroph involved (Glibert and Bronk, 1994; Foster et al., 2011; Krupke et al., 2015) . Therefore, understanding the biogeographical features of diazotrophs is essential for exploring the biogeochemical cycles of tropical and subtropical oligotrophic oceans.
In this study, we focused on the surface diazotroph community of the Kuroshio Current, in which the extent of nitrogen fixation is greater than that in the North Pacific tropical gyre (NPTG) (termed the hot spot of nitrogen fixation, Shiozaki et al., 2010) . Nitrogen fixation activity in the Kuroshio is known to be highest in surface waters (Liu et al., 2013; Shiozaki et al., 2010 Shiozaki et al., , 2015a Chen et al., 2014) . The biogeography of Trichodesmium in the Kuroshio has been well studied (e.g. Marumo and Asaoka, 1974; Chang et al., 2000; Chen et al., 2008; Shiozaki et al., 2015a) , but other diazotrophs, especially nano-and pico-planktonic diazotrophs, have received less attention (Shiozaki et al., 2014b; Langlois et al., 2015; Cheung et al., 2017) .
In this study, we determined the abundance of nifH in seven major diazotrophic phylotypes in the Kuroshio, adjacent waters and the NPTG. Our study region covered the~1750-km long Kuroshio from northeastern Taiwan to south of mainland Japan. The Kuroshio enters the East China Sea off eastern Taiwan, flows along the edge of the continental shelf, and returns to the Pacific Ocean through the Tokara Strait. A branch of the Kuroshio bifurcates northward into the East China Sea. We characterized the surface diazotroph community in the Kuroshio in comparison with those in other waters and examined the factor(s) determining their distribution within the Kuroshio and in the basinwide tropical and subtropical North Pacific.
M A T E R I A L S A N D M E T H O D S
Hydrography and nutrient and chlorophyll a measurements Samples were obtained during cruises made by the T/V Kakuyo-maru KY513 (September 3-6, 2015) and R/V Hakuho-maru KH-15-3 (October 14 to 2 November 2015) in the western North Pacific, and R/V Hakuhomaru KH-14-3 (June 23 to 11 August 2014) in the NPTG (Fig. 1 ). Temperature and salinity profiles were measured using an SBE 911 plus CTD system (Sea-Bird Electronics, Inc., Washington, DC, USA) during the three cruises. Surface water samples were collected using a bucket or from the underway water supply (~2.5 m, Kakuyo-maru;~5 m, Hakuho-maru). Excluding the surface samples, samples were collected using Niskin-X bottles. Water samples for nutrient and chlorophyll (chl) a measurements were collected from 3 to 12 depths within the upper 200 m except at stations EK1, EK2 and EJ2. Samples for DNA analysis were collected from the surface water.
Nitrate + nitrite (N + N) and phosphate concentrations at the surface were determined using supersensitive colorimetric systems (Hashihama et al., 2009) . Their detection limits were 2-3 and 3-4 nM, respectively. Silicate concentrations during all three cruises were determined colorimetrically using QuAAtro, AACS IV and AACS II auto-analyzers (SEAL Analytical Ltd). Silicate concentration was not determined below 0.5 μM. Chl a concentrations were measured fluorometrically using a 10-AU fluorometer (Turner Designs, Inc. San Jose, CA, USA) after sample extraction with N, N-dimethylformamide.
DNA sampling, extraction and qPCR assays
Seawater samples for DNA extraction (2.3 L) were filtered through Sterivex-GP pressure filters with 0.22-μm pores (Millipore, Billerica, MA, USA) and then stored at −20°C prior to onshore analysis. DNA was extracted using ChargeSwitch Forensic DNA Purification kits (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's protocol (Shiozaki et al., 2015b (Shiozaki et al., , 2017 . qPCR analysis targeted the seven nifH phylotypes commonly detected in tropical and subtropical oligotrophic oceans worldwide, namely Trichodesmium, Crocosphaera, UCYN-A1, UCYN-C, Richelia associated with Rhizosolenia (RR) or Hemiaulus (HR) and a gammaproteobacterium (γ-24774A11). The utilized TaqMan probe and primer sets have been described previously (Table I) . Among target diazotrophs, UCYN-A1 is of particular concern when comparing the abundance to those in other studies because of the potential presence of UCYN-A sublineages. The primer and probe set of UCYN-A1 used in the present study is more specific to UCYN-A1 than the other published ones (Farnelid et al., 2016) and do not cross-react with nifH sequence of UCYN-A2 (Shiozaki et al., 2017) . All qPCR analyses were performed using a LightCycler 480 System (Roche Applied Science, Penzberg, Germany). Each reaction mixture (20 μL) contained 10 μL of 2× Premix Ex Taq (Probe qPCR; Takara Bio, Shiga, Japan), 5.6 μL of nuclease-free water, 1 μL each of the forward and reverse primers (10 μmol L −1 ), 0.4 μL of 10 μmol L −1 TaqMan probe and 2 μL of template DNA. All qPCR assays were performed in triplicate. The qPCR efficiency ranged from 92.7 to 99.7% (average, 96.3%). Sterile distilled water served as a control. As the negative control was not amplified, and 2 μL of template DNA in 150 μL of TE were used in the qPCR assay, ≥75 copies L −1 were considered detectable for all seven diazotrophs.
Statistical analysis
We compared the surface abundances of diazotrophs with that of Trichodesmium, which is well studied in our study regions, to illustrate the numerical importance of each diazotroph in each region. Furthermore, we examined the difference between the abundance of each diazotroph in the Kuroshio and those in the other regions to characterize the diazotroph community in the Kuroshio. Significant differences were determined using the Mann-Whitney U test.
We performed multiple regression analysis to investigate the relationship between diazotroph abundance and environmental parameters. All data were log (x + 1)-transformed to standardize variances before the analysis. We used the Akaike information criterion (Akaike, 1974) for model selection using the MASS package (Venables and Ripley, 2002) in R software.
R E S U L T S Environmental conditions
In the western North Pacific, the water masses cluster into three groups on a temperature-salinity (T-S) diagram (Fig. 2) . Using the criteria of Gong et al. (Gong et al.,1996) and the location, we divided the lowtemperature, low-salinity water and the high-salinity water encountered during the KH-15-3 cruise into East China Sea Mixed Water (ECSMW) and Kuroshio water, respectively. The high-temperature, low-salinity water encountered during the KY513 cruise was not included in the specific water masses defined by Gong et al. (Gong et al.,1996) , indicating that we explored a different geographical region. The surface salinity is lower near the Kyushu region than in the Kuroshio (Kodama et al., 2011 ). The surface N + N concentrations were much higher in the ECSMW (up to 7000 nM at station E14) than in the other regions (Fig. 3d) . The surface N + N concentration in the Kuroshio was <60 nM at all stations excluding E35 (121 nM) and E36 (221 nM). In the KCW, the surface N + N concentration varied from below the detection limit (BDL) (3 nM) to 150 nM. In the NPTG, the surface N + N concentration was always <3 nM. The surface phosphate concentrations (Fig. 3e) were extremely low (<59 nM) in the Kuroshio and d.l. 50 100 150 200 100 200 300 400 500 600 700 800 900 1000 d.l.  KCW and were significantly lower than in the NPTG (P < 0.05). The surface N + N/phosphate (N/P) ratio tended to be higher in the ECSMW than in other regions, and the ratio exceeded the Redfield ratio (16) at stations E13, E14 and E15 (Fig. 3f) . Silicate was detectable in surface water at all stations, and its levels tended to be higher in the ECSMW (6920-19 900 nM) than in the other regions. The surface silicate concentrations in the KCW (1900-2490 nM) and NPTG (1240-2960 nM) were constant, but that in the Kuroshio varied from 1080 to 12 900 nM.
Distribution of diazotrophs
Trichodesmium was observed in all four regions (Fig. 4a) , but it was present only at stations E10, E13 and E16 in the ECSMW. The abundance of Trichodesmium largely varied from BDL to 2.0 × 10 4 copies L −1 in the Kuroshio and the abundance was comparable to those in the KCW and ECSMW (Fig. 5a ). On the other hand, the abundance of Trichodesmium was significantly lower in the NPTG than in the Kuroshio (P < 0.05). In total, 44% of the variation of the abundance of Trichodesmium was explained by temperature and salinity in the Kuroshio (Table IIa) and 33% was explained by salinity and phosphate in all regions (Table IIb) .
The unicellular cyanobacterial diazotrophs Crocosphaera, UCYN-A1 and UCYN-C did not occur in the ECSMW and were rare in the KCW (Fig. 4b-d) . The abundances of Crocosphaera, UCYN-A1 and UCYN-C in the Kuroshio ranged from BDL to 8.2 × 10 2 copies L , respectively. UCYN-A1 had a similar abundance as Trichodesmium in the Kuroshio, but those of Crocosphaera and UCYN-C were significantly lower than that of Trichodesmium (P < 0.05) (Fig. 6) . Interestingly, the abundances of Crocosphaera, UCYN-A1 and UCYN-C were significantly lower at downstream Kuroshio stations EK1, EK2, E03, EJ2 and E04 than at upstream stations E22, E23, E24 and E25 (P < 0.05) which were all categorized as Kuroshio stations in the T-S diagram. The abundances of Crocosphaera and UCYN-A1 were significantly lower in the Kuroshio than in the NPTG (P < 0.05) (Fig. 5b  and c) . Meanwhile, the abundance of UCYN-C was higher in the Kuroshio than in the NPTG (Fig. 5d) . In the Kuroshio, the environmental factors explained 71, 69 and 81% of the variations of the distribution patterns of Crocosphaera, UCYN-A1 and UCYN-C, respectively. However, in all regions, these factors explained only 36-46% of the variation in abundance of the unicellular cyanobacterial diazotrophs. The explanatory variables of Crocosphaera and UCYN-A1 differed between the Kuroshio and all regions.
RR and HR were detected in all regions excluding the ECSMW (Fig. 4e and f) . The abundances of RR and HR in the Kuroshio ranged from BLD to 3.3 × 10 3 copies L −1 and BLD to 1.8 × 10 3 copies L −1
, respectively, both being lower than that of Trichodesmium (P < 0.05) (Fig. 6) . Although the abundance of RR was lower in the Kuroshio than in the KCW (P < 0.05) (Fig. 5e) , that of HR did not differ between the Kuroshio and KCW (Fig. 5f ). The abundances of RR and HR in the Kuroshio were significantly elevated compared with those in the NPTG (P < 0.05). The multiple R 2 values were low for both the Kuroshio and all regions.
γ-24774A11 was not detected in the ECSMW. The abundance range of γ-24774A11 (1.7 × 10 2 -2.9 × 10 3 copies L −1 ) in the Kuroshio excluding station E11 tended to be smaller than those of the other cyanobacterial diazotrophs. In the Kuroshio, γ-24774A11 had a lower abundance than Trichodesmium (P < 0.05) (Fig. 6) . The abundance of γ-24774A11 in the Kuroshio was comparable with that in the KCW, whereas it was lower than that in the NPTG (P < 0.05) (Fig. 5g) . The abundance of γ-24774A11 was well correlated with temperature in both the Kuroshio and all regions.
D I S C U S S I O N
The community composition of diazotrophs in the Kuroshio clearly differed from those in the ECSMW and NPTG. In the Kuroshio, the abundance of cyanobacterial diazotrophs varied considerably compared with that of γ-24774A11. Below we consider some factors which might influence the distribution of diazotrophs in the basin-scale North Pacific and Kuroshio.
Differences of the diazotroph community between the Kuroshio and the other regions
The environmental factors explained 80% of the variations of the distribution patterns of γ-24774A11 in all regions. The abundance of γ-24774A11 was especially well correlated with temperature, and a similar relationship was reported in the South Pacific (Moisander et al., 2014) . Therefore, the abundance of γ-24774A11 may be controlled by temperature or other environmental factors that act synergistically with temperature. On the other hand, only 33-46% of the abundances of cyanobacterial diazotrophs were explained by environmental data when using all datasets. Similarly, the coefficient of determination for Trichodesmium, Crocosphaera and UCYN-A1 was 0.33, 0.55 and 0.46, respectively, in the multiple regression analysis when our previous datasets in the tropical and subtropical North Pacific (Shiozaki et al., 2014b) were pooled. These results suggest that their basin-scale distributions in the North Pacific are associated with not only by the factors we investigated but also may be influenced by interspecific competition for a limiting resource as mentioned below.
The distributions of cyanobacterial diazotrophs are also recognized to be related to current fields (Shiozaki et al., , 2015a (Shiozaki et al., ,b, 2017 Rivero-Calle et al., 2016) or dissolved iron (Berman-Frank et al., 2001; Saito et al., 2011) . Regarding the current fields, the plankton community in the Kuroshio is distinct from that in adjacent waters because the Kuroshio transports some species from the equatorial region to a region farther north (McGowan, 1971) . Therefore, it is understandable that a distinct diazotroph community occurs in the Kuroshio. Diazotroph abundances in the KCW were similar to those in the Kuroshio. The KCW stations were located in the Kuroshio bifurcation, and therefore, the diazotroph community in the KCW was possibly influenced by the Kuroshio Current. Of the cyanobacterial diazotrophs, Trichodesmium was the only form evident in the ECSMW, which is a mixture of Yellow Sea-derived water and other shelf water (Gong et al., 1996) . On occasion, Trichodesmium has been detected near the Chinese coast and in the shelf region (Chang et al., 2000; Zhang et al., 2014) . The other diazotrophs have not been examined in this region. The absence of DDAs, unicellular cyanobacterial diazotrophs and γ-24774A11 implies that the seed populations of these phylotypes are not present in this water mass. Iron is a well-known controlling factor of diazotrophy. For example, Trichodesmium grows poorly in irondeficient environments but well in iron-rich environments (Berman-Frank et al., 2001) . The abundance of Trichodesmium was higher in the Kuroshio than in the NPTG in the present study. A similar distribution of Trichodesmium was reported previously, and this finding was attributable to the higher dissolved iron levels of the Kuroshio waters (Shiozaki et al., 2010) . In contrast, Crocosphaera and UCYN-A1 were less abundant in the Kuroshio than in the NPTG. Regarding Crocosphaera, because the organism can use iron more effectively than Trichodesmium (Saito et al., 2011) , it can be thrive in the iron-depleted NPTG (Shiozaki et al., 2017) , but this cannot explain why Crocosphaera did not thrive in the Kuroshio.
The low abundance of Crocosphaera might be due to limited phosphorus content. The surface phosphate concentration was significantly lower in the Kuroshio than in the NPTG, and chl a levels were higher in the Kuroshio than in the NPTG. At the Pacific Ocean basin scale, Crocosphaera has a lower abundance in phosphatedepleted regions, in which Crocosphaera, Trichodesmium, and non-diazotrophs possibly compete for the available (Akaike, 1974) .
a Level of significance: *P < 0.05, **P < 0.01, ***P < 0.001.  phosphorus (Sato et al., 2010) . Trichodesmium can use phosphonates, which are key components of dissolved organic phosphorus, under phosphate-depleted conditions, but Crocosphaera cannot possibly due to lack of C-P lyase pathway (Dyhrman et al., 2006) . The higher chl a concentration, which means higher phytoplankton biomass (Furuya, 1990) , and abundant Trichodesmium in the Kuroshio suggest that Crocosphaera might be limited by phosphorus resource competition from non-diazotrophs and Trichodesmium. Crocosphaera occurs in extremely low abundance (BDL to 2.0 × 10 2 copies L
) subtropical North Atlantic (Goebel et al., 2010) . It should be noted that the abundance of Crocosphaera did not show any correlation with phosphate concentrations (Table II) . This may be attributable to the existence of a variable phosphate threshold that is complicatedly related with other plankton communities and/or a less clear relationship between the in situ phosphate concentration and the physiological state of Crocosphaera, as phosphate supplied to the surface would be immediately consumed, leading to an extremely low concentration. UCYN-A1 also lacks C-P lyase genes (Tripp et al., 2010) . Although UCYN-A1 forms symbioses with prymnesiophytes, and thus the genome content may not simply reflect the environment, the low abundance in the Kuroshio was potentially due to the same reason for the low abundance of Crocosphaera. However, the presence or absence of C-P lyase gene alone cannot explain the distribution of diazotrophs. In particular, although Richelia intracellularis and UCYN-C lack these genes (Bandyopadhyay et al., 2011; Hilton et al., 2013) , their abundances were elevated in the Kuroshio.
Little is known regarding environmental factors controlling the abundances of DDAs and UCYN-C. Although DDAs were reported to be most abundant in high-silicate waters (Bar Zeev et al., 2008; Subramaniam et al., 2008) , RR and HR were absent from the silicate-rich ECSMW, and their abundances were not significantly correlated with the silicate concentration. Meanwhile, our results corresponded with the previous findings that DDAs were more abundant in the Kuroshio than in the adjacent waters (Gómez et al., 2005) . In this study, we found for the first time that the abundance of UCYN-C is elevated in the Kuroshio. Cheung et al. (Cheung et al., 2017) recently reported that many nifH sequences of UCYN-C were recovered from Kuroshio waters. UCYN-C is rarely detected in the high sea area of the Pacific Ocean (Church et al., 2008; Halm et al., 2012) . It can be said that high abundance of UCYN-C is one of the features of the Kuroshio diazotroph community.
Variations of cyanobacterial diazotrophs in the Kuroshio
Interestingly, the distributions of Crocosphaera, UCYN-A1 and UCYN-C in the Kuroshio were well described by environmental parameters, a finding that clearly differed from the result using all datasets. When our previous dataset in the Kuroshio (Shiozaki et al., 2014b) was pooled, we also found high coefficient of determination for Crocosphaera (0.76) and UCYN-A1 (0.63) in the multiple regression analysis. These results suggest that undetermined factors such as dissolved iron would little limit their abundance within the Kuroshio.
Salinity, phosphate and the N/P ratio explained 81% of the distribution pattern of UCYN-C in the Kuroshio. The abundances of Crocosphaera and UCYN-A1 in the Kuroshio are known to be positively correlated with temperature within the observed temperature range (Shiozaki et al., 2014b) , and the same trends were found in the present study. However, this relationship did not hold in the downstream Kuroshio. The abundance of Crocosphaera and UCYN-A1 was lower at downstream Kuroshio stations than at upstream stations, whereas temperature was higher at downstream Kuroshio stations (P < 0.05). The abundance of Crocosphaera and UCYN-A1 was previously reported in the Kuroshio southeast of Taiwan (21.4°N, 122-122.5°E) (Shiozaki et al., 2014b) . Crocosphaera was present at levels >1.0 × 10 3 copies L −1 throughout the year in Kuroshio southeast of Taiwan (Shiozaki et al., 2014b) , but its abundance was always <1.0 × 10 3 copies L −1 in the Kuroshio in our study area. These results indicate that the abundance of Crocosphaera decreases during delivery by the Kuroshio, which may be caused by low phosphorus availability for their growth in the Kuroshio. In contrast, UCYN-A1 abundance varied from BDL to 1.9 × 10 4 copies L −1 in the surface water of Kuroshio southeast of Taiwan (Shiozaki et al., 2014b) , which was comparable with that in our study area (BDL to 1.7 × 10 4 copies L
−1
). Thus, it is not clear whether the decreasing trend of UCYN-A1 in the Kuroshio was robust, and future studies should establish their general distribution and the factors involved in their distribution.
Compared to unicellular diazotrophs, environmental parameters were poorly associated with the distribution patterns of Trichodesmium, RR and HR in the Kuroshio. Similarly, in the pooled multiple regression analysis of present and previous datasets (Shiozaki et al., 2014b) , environmental parameters only explain 53% of the variation in abundance of Trichodesmium. Regarding the distribution of Trichodesmium, Shiozaki et al. (2015a) also showed that there was no significant correlation between Trichodesmium abundance and environmental variables in the Kuroshio. This could be because the abundance of Trichodesmium in the Kuroshio is highly influenced by the current's collection of Trichodesmium growing around the Ryukyu Islands (Shiozaki et al., 2015a) . The heterogeneity of RR and HR might be explained as well since DDAs also increased near oceanic islands (Shiozaki et al., 2010) .
C O N C L U S I O N
We characterized a distinctive diazotroph community in the Kuroshio, the "hot spot" of nitrogen fixation in the Pacific Ocean. Although Crocosphaera is considered to be distributed extensively in the North Pacific (Saito et al., 2011) , we found abundance was lower in the Kuroshio than in the NPTG, and decreased from upstream to downstream in the Kuroshio. This pattern could be attributable to the low-phosphate and high-chl a environment of the Kuroshio. Trichodesmium was major diazotrophs in the whole area of Kuroshio as expected (Marumo and Asaoka, 1974; Chen et al., 2008; Shiozaki et al., 2015a) while, in the upstream Kuroshio, UCYN-A1 was similar in numerical to Trichodesmium. Although lower in abundances than the two aforementioned diazotrophs, the abundances of HR, RR and UCYN-C were higher in the Kuroshio than in the adjacent waters. DDAs and UCYN-C are known to have high-sinking rates due to the high cell density of their host diatom and the aggregate formation, respectively (Subramaniam et al. 2008; Bonnet et al., 2016) , while Trichodesmium have gas vacuoles and becomes buoyant (Capone et al., 1997) . Hence, higher abundance of DDAs and UCYN-C in the Kuroshio suggested that they could be key controllers of the export production in this region. Further detailed studies of spatial and temporal dynamics of DDAs and UCYN-C, therefore, would be important for better understanding of the biogeochemical cycles in the Kuroshio.
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